This paper deals with the timetable rescheduling problem based on the feedback of train-set's circulation in highspeed railway transportation. Given the original timetable and the corresponding train-set circulation scheme, we describe an integer linear programming model based on the fixed departure/arrival order, which can tackle a static timetable rescheduling to optimize the train-set circulation, bring out more connections, especially without direction change in through station between train lines.Lingo11.0 is used in the case study.
Introduction
The planning of a railway network is a complex task. Mao et al. (2009) was the first researcher who had advanced the integrated train operation planning to suggest a dual-layer optimization model for line planning, timetabling, train-set and crew work plan in order to improve the enforceability and general optimization level of the operation plans. In railroad scheduling progress, timetable scheduling and trainset circulation problem are among the most. The timetable is a bond in the planning stages, which influences the quality of service and operation. The train-set's circulation has a direct impact on operating cost, punctuality and performance, which in turns affects customers' satisfaction. Fig.1 gives an overview of planning stages in railway scheduling.
Fig. 1. Overview of planning stages in railway scheduling
We distinguish strategic, tactical and operational planning in accordance with the length of the respective planning horizon and the temporal impact and relevance of the decision. In brief, the three notions refer to planning in the long, mid and short term in the order. According to this figure, timetable scheduling is the first stage in the tactical and operational planning and depends on line plan; it's an important input and crucial factor to the train-set circulation scheme. In order to get better scheme, it's necessary to do research on the timetable adjustment based on the feedback of the train-set circulation.
This paper uses Lingo11.0 to solve the timetable rescheduling problem based on the feedback of trainset circulation. The remaining parts of paper are organized as follows. Section 2 reviews literatures of cyclic timetabling, train-set circulation problem and timetable optimization and adjustment. Section 3 defines the timetable rescheduling problem based on the feedback of train-set's circulation and presents the mathematical formulation of the problem. In Section 4, a case study and relative result analysis are given and Section 5 concludes the paper.
Literature review
There is a rich list of publication on timetable scheduling and train-set circulation. Firstly, scholars have adopted a variety of mathematical methods to solve cyclic timetable problems gradually with the introduction of train timetable worked out by computer. Assad (1980) firstly utilized mathematical model to work out a solution of transport problem. Subsequently, many experts began to utilize mathematical model to research train timetable and designed a series of numerations. Serafini & Ukovich (1989) promoted the Period Event Scheduling Problem (PESP) which is similar to the cyclic railway timetable problem. Currently, most of scholars (Odijk, 1996; Linder, 2000 , Giesemann, 2002 tend to research modes and algorithms based on PESP. These models and solutions were adapted in some railway with short line section and small network scale. In recent years, to enhance the adaptability of cyclic timetable in the complex network, namely numerous stations, fairly long section and large network scale, cyclic timetable has been suggested to be applied in china's high-speed railway (Wang, 2007; ). Xie (2009a) presented a model based on the fixed departure/arrival order of trains in the station, but gave some assumption, for example, the trip time didn't exceed a periodic time.
The train-set circulation scheme partly determines the number of train-set needed, it has a direct impact on operating cost. Lots of researches gave broad studies on the problem. Maóti (2006) reported a detailed analysis on the planning process that arises at Dutch passenger transportation, namely, strategic, tactical, operational, and short-term planning. Tactical rolling stock circulation models and short-term maintenance routing models were created. Moreover, the models were proven to be feasible in some railway cases in Netherlands. Peeters et al. (2006) suggested rolling stock scheduling models on a set of interacting train lines and a single line respectively. To maximize the utilization of train-set units, train-set combining and splitting were examined. When a train-set has undergone for a certain mileage, it will be subjected to maintenance. Maóti & Kroon(2005 ) proposed a transition model and an interchange model for train-set maintenance routing based on the different input. The train-set circulation problem also could be described as the assignment problem, Nie et al.(2001) studied train-set operation based on the timetables with unpaired high-speed trains, and created a model that considered the turnaround trip with empty car, maintenance duration. Based on high-speed railways in Japan, managed to improve the efficiency of reaching satisfactory solutions by pre-assigning connections for maintenance, and suggested a greedy algorithm based on probabilistic local search. At the same period, they studied the algorithm for multi-depot train-set scheduling based on path-exchange. Tong et al. (2009) created a train-set operation model targeted at minimal and balanced utilization of train-sets, and resolved with ant colony algorithm.
There also existed lots of papers solving the optimization problem of timetabling 2008) . However, few references can be found in the literature of integrated optimization of not only timetable rescheduling, but also train-set circulation optimization. Nielsen (2012) dealt with real time disruption management of railway rolling stock in passenger railway transportation and the real time control was referred.
In this paper, we set up an integer linear programming model to tackle the static adjustment of timetable to optimize the train-set circulation. The references (Xie, 2009a; 2010) give important back to this paper.
Timetable rescheduling problem based on the feedback of train-set circulation

Problem definition
From Fig.1 , we can see that the result of an earlier planning stage serves as input for the subsequent task. Due to the complexity, it's important to get a feasible but not good scheme for the whole railway system. To get some better scheme, the feedback as an input from the later planning stage to earlier one is necessary.
An important problem in management of railway systems is the timetable scheduling problem. It's an important input to the problem of train-set circulation. According to the mentioned above, this paper presents the timetable rescheduling model based on the feedback of the scheme of train-set circulation whose quality would be improved.
It is assumed that timetable is known and cyclic timetable is applied in the railway system. So the departure and arrival order of train in the corresponding station is known, too. The corresponding circulation scheme of train-set can be got using the approach (Xie, 2010) based on the pre-planned timetable. According to calculating some indices on the circulation scheme such as the connection probability, connection times with or without direction change, we can make sure if the circulation scheme should be adjusted or not. And we also can give a primary train match which might get some train-set connections just through small adjustment on the time of train line based on the circulation scheme obtained. Then we can formulate a timetable rescheduling model based on the fixed departure/arrival order, considering the connection constrains on the matched trains. 
Notations and decision variables
Mathematical formulation of the problem
The problem is formulated as follows: 
Formula (1) is the objective function of the problem that minimizes total travel times of the trains departure in T. Constraints (2) and (3) represent the fixed arrival and departure times, respectively. a c , d c are constants. Constraints (4) and (5) ensure the correct dwell times and trip times. Constraints (6) -(9) guarantee that trains do not meet on a track in regular tracks railway, and that the minimum headway time h is respected at all times, 1/ 2 . The turnaround requirements are modeled by constraints (10). The domain of the decision variables t n a and t n d is specified in (11).
The above model can deal with the condition that the trip time allowable for track t r T .
When t r T , we can't get the right and reasonable solution. So, when the number value of t r exceed T, constraints (5) should be changed to formula (12).
While, the objective function don't include all the trip times of the trains. We can plus the times been minus in formula (12) as a part of the objective value.
The model is an integer linear programming one, which can be solved by lots of software such as Lingo, Matlab, and so on. This paper uses Lingo 11.0 to finish the case study below.
Numerical example and reasons analysis
Assume a railway network as shown in Fig. 2 . Station S is a hub equipped with a train-set depot. S1-S4 are terminal stations with trains running to and from hub S. Use S-S1 to indicate a path from station S to S1, and S1-S2 to indicate a path from station S1 to S firstly and then to S2. Accordingly, there are paths S1-S, S2-S, S3-S, S4-S,S-S2,S-S3,S-S4,S1-S2,S1-S4,S4-S1,S2-S1,S3-S4,S3-S2,S2-S3 and S4-S3 in this network. According to the characteristics of connections without a direction change, define S1-S and S-S2(S4), S2(4)-S and S-S1, S3(S1)-S and S-S4, and S4-S and S-S3(S1) are connections without a direction change while all the others are the opposite. Assume that ' =14 tt n CT , ' =26 tt n CT .
Fig. 2. Simple plot of a railway network
If the train-set circulation is to be planned based on a timetable, all we need to know are the departure station, arrival station, departure time, and arrival time of each train. Assume a periodic timetable is used in the network. The No. of train series used in the paths is as shown in Table1.The original train timetable and train-set circulation can be seen in Tables 2 and 3. Train Series   S1-S  T1, T3, T5  S-S1  T19, T20, T21  S2-S  T13, T14, T16, T17  S-S2  T7, T8, T9, T11  S3-S  T22, T23, T25, T26  S-S3  T6, T34, T35, T36  S4-S  T30, T32, T33  S-S4  T27, T28, T29  S1-S2  T2  S2-S1  T15  S1-S4  T4  S4-S1  T18  S3-S2  T10  S2-S3  T12  S3-S4 T24 S4-S3 T31 In Tables 2 and 3 , x indicates the time on the hour, for example: six o'clock. For the connection types, SX indicates the connection between trains without direction change, NX is opposite. Back indicates the train-set coming back to the depot, Out means the train-set departing from the depot. And the following is the same.
From table 2 and 3, we can get some conclusions as follow:
1) The trains departing in a cycle time spend 2952min in their trips.
2) Based on the pre-planned timetable, the quality of train-set circulation scheme is not good, there are only 8 connections in 26 train series, 5 connections without direction change.
So to increase the number of connection between trains, the timetable should get adjustment. According to table 3, we finish a primary match firstly, and then formulate the detail rescheduling model in Lingo11.0. The improved timetable and connection scheme are shown in Tables 4 and 5. After rescheduling, the trains departing in a cycle time spend 2958min in their trips, only 6 minutes more than pre-planned one. From table 5, we also can get some conclusions: 1) There are 13 connections in 26 train series, 7 connections without direction change.
2) All train series are matched. So the quality of train circulation scheme is improved at the cost of 6 minutes on the 36 trains' trip.
Conclusions
The timetable rescheduling problem based on the feedback of train-set circulation in high-speed railway transportation is very important to optimize the train-set circulation. This paper gave a literature review on the problem about cyclic timetabling, train-set circulation and timetable optimization and adjustment. Then it gave a definition to the problem of timetable rescheduling based on the feedback based on train-set's circulation. Given the original timetable and the corresponding train-set circulation scheme, it presented an integer linear programming model based on the fixed departure/arrival order, which can tackle a static timetable rescheduling to improve the quality of train-set circulation such as bringing out more connections, especially without direction change in through station between train lines.At last, Lingo11.0 was used in the case study, and a apparently better scheme of the train-set circulation came out, 13 connections were bonded in 26 train series.
